ABSTRACT: Changes in the proximity and arrangement of channel-belt sandstone bodies in the rock record and associated unconformities in alluvial successions (i.e., alluvial architecture and nonmarine sequence stratigraphy) are often interpreted to reflect changes in basin boundary conditions, including subsidence and sea level. Such interpretations do not often consider how the size of a depositional system influences alluvial architecture and sequence stratigraphy. We investigate how paleoflow depth scaling affects fluvial stratigraphic interpretations using the Castlegate Sandstone (Campanian) at its type section in central Utah as an example. Using LIDAR imaging, channel preservation and paleoflow depths are estimated from bar clinoforms throughout the unit, and these data are compared to scour spacing, scour continuity, and mudstone content within the study interval. Within the Castlegate Sandstone bar clinoforms are routinely close to fully preserved (i.e., rollover of the upper part of the bar is present), and an overall increase in paleoflow depth up-section is coincident with changes in other alluvial-architecture characteristics including increases in scour-surface spacing and mudstone abundance up-section. This suggests that alluvial architecture commonly ascribed to changes in accommodation may result primarily from changes in the scale and style of fluvial deposition rather than accommodation-limited reworking and amalgamation. Additionally, although sequence boundaries have previously been identified in the section, no scour surfaces deeper or more extensive than what could be produced autogenically by large rivers typical of the Castlegate system were found in the study interval. This study demonstrates that estimates of paleoriver depth can enhance studies of alluvial architecture and provide a more robust basis for correlating and interpreting fluvial deposits.
INTRODUCTION
Models have shown how the arrangement and interconnectedness of channel-belt sand bodies (alluvial architecture) may reflect changes in tectonic, eustatic, and climatic history in alluvial basins (e.g., Allen 1978; Leeder 1978; Bridge and Leeder 1979; Heller and Paola 1996; Kraus 2002) . Overall these models suggest that periods of low accommodation produce closely spaced, interconnected sand bodies, all other aspects being equal. Amalgamated, high-net-sand deposits are commonly also associated with laterally extensive erosion surfaces, which are often interpreted as sequence boundaries (Van Wagoner 1995; Yoshida et al. 1996; Miall and Arush 2001a) . Together alluvial architecture and nonmarine sequence stratigraphy provide a basis for interpreting changes in basin subsidence, sea level, and sediment supply in terrestrial deposits.
Major erosion surfaces and changes in alluvial architecture are often the most recognizable features in outcrop and subsurface data and, consequently, are commonly used as the basis of correlation and interpretation (e.g., Rogers 1998; Yoshida et al. 1998; Yoshida 2000; Adams and Bhattacharya 2005; Pranter et al. 2007; Leleu et al. 2009 ). Alluvial architecture is also used as a means of interpreting relative aggradation rates within a succession by using sand-body amalgamation and reworking as a proxy for sedimentation and subsidence rates (e.g., Allen 1978; Leeder 1978; Bridge and Leeder 1979) . The underlying assumption in such interpretations is that stacking patterns and large erosional surfaces result primarily from changes in the ratio of accommodation and sediment supply within a basin (e.g., Wright and Marriott 1993; Shanley and McCabe 1994) .
Although these concepts are broadly applied, the impact of river scale on alluvial architecture or the development of large erosional surfaces is not generally considered. Changes in river size over time might be responsible for architectural changes that are otherwise attributed to subsidence or base level, and features that appear stratigraphically significant in the field or subsurface might simply be the result of autogenic processes in relatively large rivers. Here we explore the correlation between paleochannel scale and alluvial architecture and sequence stratigraphy in fluvial deposits of the lower part of the Castlegate Sandstone (Campanian) in the western Book Cliffs of eastcentral Utah, U.S.A. This case study serves as an example of how estimates of paleoflow depth can be used to enhance stratigraphic interpretations by constraining the scale of autogenic features in a given unit and providing a basis for comparing stacking-pattern changes and reworking from systems of different scales.
RIVER SCALE AND ALLUVIAL ARCHITECTURE
River size needs to be considered when evaluating ancient deposits because what may seem to be large features in outcrop or subsurface data may actually be small compared to the size of the river system that produced them. To illustrate the possible consequences of channel scale-specifically, flow depth-on alluvial architecture, we use a simple example (Fig. 1) . Each realization is subject to the same three-fold, stepwise increase in aggradation rate but is constructed with channel-belt sand bodies of different thickness. For each time step, one channel body is placed at a random location across the model domain and ''erodes'' underlying channel or floodplain material (cf. Heller and Paola 1996) . Channel bodies are categorized by degree of preservation. Full channel bodies are completely overlain by mudstone and are not eroded by subsequent channels. Amalgamated channel bodies are eroded only a minor amount by overlying channels (here defined as less than 25% of the original channel deposit is removed by younger channels). Truncated channel bodies are those where subsequent channels erode more than 25% of the original deposit. Figure 1 shows stratigraphic stacking patterns for systems with three different characteristic channel-body thicknesses, used here as a proxy for flow depth. As expected, with increasing aggradation rates, bulk sandstone:mudstone ratios decrease and sand bodies become more isolated and less interconnected up-section. These results parallel those seen in other models of alluvial architecture (e.g., Allen 1978; Leeder 1978; Bridge and Leeder 1979) . Sandstone:mudstone ratios are always higher in the models with bigger (deeper) channels, and the shift from sandstone-to mudstone-dominated deposits occurs much higher in the stratigraphic succession in the example with the largest channels ( Fig. 1C ) compared to results with smaller channels (Fig. 1A, B) . Likewise, channel-body preservation is typically more complete in the system with small channels (Fig. 1A) . Laterally persistent erosional surfaces are more likely to form in the system with larger channel bodies. This is shown in Figure 1C , where the heavy dashed line represents a relatively continuous erosional break comprising basal surfaces from adjacent channel bodies. In comparison, there are no continuous erosional surfaces in Figure 1A and 1B because there is generally less amalgamation in the systems with smaller channels.
These results are intuitive, yet are not often explicitly addressed in fluvial stratigraphic studies. Instead, stratigraphic correlations and interpretations are based primarily upon observed major shifts in alluvial architecture and distribution of widespread erosion surfaces that are relatively easy to detect in outcrop or subsurface data. For example, changes between high and low net-to-gross ratios often anchor alluvial architecture studies (e.g., Shanley and McCabe 1993; Jinnah and Roberts 2011; Labourdette 2011) . In the example presented here, readily identified changes in architecture occur at different stratigraphic horizons; for example, a shift from amalgamated to isolated sand bodies occurs between the low-and moderate-aggradation phases in the case with the smallest channels (Fig. 1A) , appears somewhere in the moderateaggradation phase in Figure 1B , and is not apparent at all in the system with largest channels (Fig. 1C) .
This example also highlights how deposits from large channels that are able to scour more deeply always have a propensity for more amalgamation than small channels, given the same background aggradation rates. Accordingly, laterally extensive erosion surfaces tend to be more prevalent in systems with large flow depths, even in the absence of sequence-initiating relative base-level falls. We note that deeper channels tend to produce wider channel belts and wider sand bodies, so the effects of fluvial scale on channel preservation and scoursurface continuity observed in this model would be only amplified if channel objects were widened commensurately with flow depth in this example.
Consider a scenario where Figure 1 A, B, and C represent different sample locations from a basin, wherein drainage area (i.e., water supply) and/or source sediment grain-size distribution (i.e., sand:mud ratio) varied across the basin. Even though each section represents the same overall increase in subsidence or aggradation rate, correlating them based on alluvial architecture or large erosion surfaces is difficult. If we are able to ''normalize'' architecture to fluvial channel scale we can make more robust comparisons by filtering out architecture changes resulting from variability in how systems of different scale reflect basin boundary conditions.
Careful attention not only to percent sand, but also preservation with respect to river scale, can help detect subtle architecture changes within higher-net-sand intervals (e.g., differences between the low and moderate aggradation phases in Fig. 1B) . In this example, preservation is defined in a manner that emphasizes the likelihood of encountering fully preserved channel deposits in the field or subsurface. Full sandstones contain at least one complete channel deposit (i.e., abandoned channel fill and/or bar clinoform set). Because they are only slightly reworked, there is a chance that fully preserved channel deposits also remain in amalgamated sand bodies, but truncated sand bodies are less likely to contain fully preserved channel fills or bar clinoforms. (Note that sand bodies in this model represent channel-belt sandstones, which may comprise single or multistory or multilateral channel-belt deposits. Story architecture in an individual sand body reflects channel-belt-scale processes, including lateral migration, that are beyond the scope of this simple example.)
Estimating reworking and comparing architecture based on river size requires methods of estimating paleochannel scale in ancient deposits. Flow depth is a particularly useful measure of river size because it is related to stratigraphically important properties such as sand-body dimensions (Bridge and Tye 2000) , channel scour depth and continuity (e.g., Best and Ashworth 1997; Martin et al. 2009 ), and channel avulsion and channel-belt aggradation rates ( Mohrig et al. 2000; Jerolmack and Mohrig 2007) , and channel preservation (Lynds and Hajek 2006) .
Scaling Ancient Fluvial Deposits
Proxy estimates of paleoflow depth can be obtained directly from measures of preserved depositional elements, including bar clinoform relief, the thickness of abandoned channel fills (mud plugs) and channelfilling fining-upward successions, or indirectly, and less accurately, from the height of dune cross beds (Heller and Paola 1989; Paola and Borgman 1991; Bridge and Tye 2000; Mohrig et al. 2000; Leclair and Bridge 2001; Lynds and Hajek 2006) . Additionally, unlike other paleo-channel dimensions such as channel width, paleoflow depth can be estimated from fining-upward successions in cores and wireline logs in addition to outcrops (e.g., Bridge and Tye 2000) .
Preserved bar clinoforms are ideally suited to estimating local flow depths from ancient deposits because the vertical relief of preserved clinoforms is closely related to flow depths at the time of deposition (Mohrig et al. 2000) . Since bars grow to nearly the free water surface, sigmoidal shape and the presence of rollover in the upper part of bar clinoforms suggests complete preservation (Fig. 2) . The average of fully preserved bar clinoforms therefore reflects the average bar-forming (e.g., bankfull) paleoflow depths for the preserved deposits. While compaction can reduce overall relief of these features, these effects are generally small in sandy terrestrial environments (Nadon and Issler 1997) . Mohrig et al. (2000) demonstrate that measured bar heights overestimate mean flow depth to some degree; however, preserved bar clinoforms can also be interpreted as representing the local maximum flow depth in an ancient deposit. The height of bar clinoforms lacking the sigmoidal shape and updip rollover characteristic of full preservation can still be used for minimum local paleoflow-depth estimates.
Paleoflow-depth estimates are also useful for constraining the scale of autogenic scours expected in a given system. Best and Ashworth (1997) show that autogenic scours in rivers can locally reach up to five times the mean flow depth, and caution that scour surfaces in ancient deposits cannot be uniquely attributed to extrinsic forcing unless they are demonstrably greater (deeper) than this value and wider than the floodplain. Consequently, sequence stratigraphic interpretations of fluvial . Spacing of time lines shows that aggradation rates increase stepwise upsection, first by a factor of 2 and then by a factor of 3. Channel-belt sand bodies (white, dark gray, and black) are of equal width, but thickness is set in direct proportion to flow depth. Flow depth in Part B is twice that of Part A, and flow depth in Part C is three times that of Part A. Channelbody color indicates preservation, where white is full preservation, dark gray is amalgamated (. 75% preservation), and black is truncated (, 75% preservation). Heavy dashed line in Part C represents apparent continuous unconformity generated by nearby stacking of base of sand bodies. Note that a similar surface cannot be found when flow depths are shallow (Part A).
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J S R erosion surfaces should first be reconciled with estimates of paleochannel depth to help differentiate allogenic sequence boundaries from intrinsic scour surfaces. Preservation in fluvial deposits is affected by the relative balance of aggradation rate, available accommodation, and avulsion return time (Bristow and Best 1993) as well as the lateral mobility of channels (e.g., Jerolmack and Mohrig 2007) . The interplay of these long-term aspects of fluvial sedimentation affects the degree to which older channel deposits are cannibalized by active channels and, thereby, how much reworking or preservation occurs in a stratigraphic succession. Paleoflow-depth estimates provide a useful benchmark length scale for comparing relative percent of channel preservation in a fluvial succession. This tack differs from the standard approach of using the stacking density and interconnectedness of sand bodies as an indication of reworking (and hence a proxy for accommodation control on deposition) without scaling. Instead, reworking can be inferred from the degree of bar-form preservation. Channel deposits with thicknesses commensurate with estimates of paleoflow depth can be considered well preserved, whereas channel deposits that are much thinner than local paleoflow-depth estimates and exhibit common erosional truncations may reflect a significant amount of reworking. Complete preservation can be reliably interpreted from fully preserved up-dip rollover of bar clinoform deposits, and the types of mudstone lithofacies present in channel deposits, which can also be used to verify the completeness of preservation of a sand body (Lynds and Hajek 2006) .
The model presented here provides a heuristic basis for contemplating the consequences of river scale in fluvial stratigraphy. Insights can be applied to ancient basin fills in order to explore the potential impact of fluvial scale on alluvial architecture and sequence stratigraphic interpretations. Here we evaluate stratigraphy in the Castlegate Sandstone in light of these considerations.
CASTLEGATE SANDSTONE
Long, continuous exposures of the Castlegate Sandstone in the western Book Cliffs of east-central Utah (Fig. 3) provide an excellent opportunity to consider the implications of fluvial scale on alluvial architecture and nonmarine sequence stratigraphy. This Campanian coastal-plain depositional system linked the active Sevier Orogenic Belt to the west and the Western Interior Seaway to the east. Consequently this unit has garnered much attention as a potential site where allogenic signals, such as relative sea level and/or tectonic controls, might be distinguished in fluvial deposits (e.g., Van de Graaff 1972; Chan and Pfaff 1991; Olsen et al. 1995; Kirschbaum et al. 1996; Yoshida et al. 1996; Robinson et al. 1998; Van Wagoner 1998; Yoshida et al. 1998; McLaurin and Steel 2000; Miall and Arush 2001a, 2001b; Yoshida et al. 2001; Adams and Bhattacharya 2005) .
The Castlegate Sandstone was deposited in a foreland basin by rivers that flowed eastward off of the adjacent Sevier Orogenic Belt into the Cretaceous Interior Seaway (Fouch et al. 1983) . The base of the section is considered to be the Castlegate sequence boundary (CSB), across which fluvial Castlegate Sandstone deposits are juxtaposed atop fluvio-deltaic sandstones of the Blackhawk Formation (Campanian; Fouch et al. 1983 ). In its type section just north of Helper, Utah, the Castlegate Sandstone is divided into three informal units (Fouch et al. 1983) : the lower, cliffforming sandstone-dominated interval, widely interpreted as resulting from braided-river deposition (e.g., Chan and Pfaff 1991; Miall 1994; Adams and Bhattacharya 2005; McLaurin and Steel 2007) ; the middle mudstone-dominated interval with isolated sandstone channel-belt deposits, interpreted as sinuous single-thread river deposits (e.g., Chan and Pfaff 1991); and the upper ''Bluecastle Tongue'' of the Castlegate Sandstone, a sandstone-dominated, cliff-forming interval. In general the Castlegate Sandstone in its type area is wholly fluvial in origin; however, evidence of tidal and brackish water influence has been reported in the middle Castlegate interval in the type locality (McLaurin and Steel 2000) .
We focused dominantly on the lower portion of Castlegate Sandstone, defined in this study as the basal cliff-forming sandstone , 80 to 90 m above the CSB. Spectacular regional exposure has led many others to explore the alluvial architecture of this interval leading to multiple, often conflicting, interpretations (e.g., Olsen et al. 1995; Van Wagoner 1995; Yoshida et al. 1996; Van Wagoner 1998; Yoshida et al. 1998; McLaurin and Steel 2000) . In general, however, all of these studies conclude that the Castlegate Sandstone represents a transition from a period of relatively low accommodation characterized by significant reworking to a time of increasing accommodation where significant floodplain mudstones are preserved.
STUDY METHODS
Large cliff exposures often preclude comprehensive access for detailed ground mapping of architectural elements. In order to measure depositional components, we acquired ground-based LIDAR (Laser Imaging Detection and Ranging or Light Detection and Ranging) cliffsurface scans from , 4 km of nearly continuous exposure along Price 
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River and Willow Creek just north of Helper, Utah (Fig. 3) . LIDAR scans were collected using an Ilris Optical scanner and were used to generate high-resolution (centimeter-to decimeter-scale) 3D surfacetopography and surface-reflectance models of the outcrop. These models were used to identify and measure fluvial stacking elements, including bar clinoforms, erosional surfaces, and mudstone deposits throughout the study interval. Surface-topography models were particularly well suited to estimate the preservation of clinoform features because the 3D model can be rotated in order to better visualize true geometric relationships enabling us to better ascertain whether or not a clinoform set shows updip rollover. Surface-reflectance models show how the intensity of laser energy reflected off the outcrop surface varies over the scanned area. In general, sandstones are more reflective than mudstones; however, differences in surface wash, weathering, and vegetation can all cause reflectance intensity to vary (Fig. 4C) . The size and stratigraphic position (relative to the CSB) of fluvial stacking elements, particularly clinoforms, were measured on the 3D model using IMInspect (a PolyWorks module, Innovmetric software).
Field observations were compared with LIDAR images throughout the study interval to ensure that surface topography and reflectance intensity expressed in LIDAR images corresponded to fluvial stacking elements observed in the field. Additionally, photo panels were used to help map features, and field observations, including detailed sedimentologic description and measurement of accessible stacking elements, were made throughout the study interval.
ALLUVIAL ARCHITECTURE OF THE CASTLEGATE SANDSTONE
In order to document architectural changes throughout the study interval, three types of fluvial elements were characterized using field and LIDAR data. Scour surfaces were traced on orthorectified photo panels in order to identify individual channel-fill units (stories), and the position of channel bases and through-going candidate sequence boundaries. Bar clinoforms were measured as a way to help identify story units and as a proxy for local paleoflow depth of the depositional rivers. Lastly the continuity and abundance of fine-grained, mudstone-rich intervals was described using LIDAR reflectance-intensity data. 
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J S R Scour Surfaces
Three scales of scour surfaces are prevalent in the lower Castlegate Sandstone. Small (decimeter-to meter-scale) surfaces are filled with single cross-bed sets and are interpreted as scour pits generated by dunes migrating at the base of active channels. Together, laterally amalgamated dune-scale scour surfaces form intermediate-scale scour surfaces (typically tens of meters in length; Fig. 5 ). These intermediate-scale scour surfaces are interpreted as the basal scour of dominant channels, or channel threads within a multi-thread river system (Lynds and Hajek 2006) . These channel-thread-scale scour surfaces are overlain by crossbedded and soft-sediment-deformed sandstones (interpreted as thalweg deposits), which typically are overlain by a single clinoform set. This succession defines a channel-fill unit that can be scaled to paleoflow depth. Overall, vertical spacing between intermediate-scale scour surfaces increases up-section in the lower Castlegate Sandstone ( Fig. 6 ; Olsen et al. 1995; McLaurin and Steel 2000) .
Within any cliff face in the study interval, several large-scale scour surfaces can be identified. These surfaces comprise multiple, laterally amalgamated intermediate-scale scour surfaces and, at times, extend across the full width of an individual outcrop face (up to 2 km). However, none of these features could be tracked across the entire outcrop belt within the study area. These large-scale features often occur atop laterally persistent overbank or floodplain mudstones and are interpreted as unconformities developed at the base of channel belts during regional channel-belt migration and avulsion (Fig. 5) .
Bar Clinoforms
Clinoforms, interpreted to be the depositional remnants of migrating barforms in an active channel thread, are ubiquitous in the lower Castlegate Sandstone. The vertical thickness of fully preserved clinoforms (i.e., those which show up-dip rollover; Fig. 2 ) is used as a proxy for local paleoflow depth (Mohrig et al. 2000) , and partially preserved or truncated clinoforms represent minimum estimates of local paleoflow depth. Identifying bar clinoforms in a sandy unit such as the Castlegate Sandstone can be challenging. Lidar surface-topography models allow outcrop features to be studied in quasi-3D because the virtual outcrop surface can be rotated and viewed from a range of vantage points (see supplemental video for an example). This is beneficial for recognizing clinoform dip angle and up-dip flattening associated with bar rollover, in particular.
Bar clinoforms were recognized as three or more parallel, inclined, sigmoidal surfaces with consistent shape and spacing (e.g., Figs. 2, 7) . Clinoforms commonly flatten into tangential toes or fade into crossbedded or structureless thalweg deposits. Upper contacts of clinoform surfaces were inspected for evidence of flattening (rollover) or truncation by overlying units. Sometimes an individual clinoform set would be partially truncated in one spot and show evidence of rollover in another (e.g., Fig. 7 ). These cases were classified as fully preserved, since full rollover was observed in at least some places on the bar deposit, indicating that truncation was not significant. (This could be considered analogous to the ''amalgamated'' classification in Figure 1 , wherein channel-belt sandstones are only slightly eroded by overlying channels.) Some examples did not flatten, but rather graded into overlying mudstones. These were also considered to be fully preserved.
Average measured clinoform height within the lower Castlegate Sandstone is 4.1 m (n 5 48; Fig. 8 ). Clinoforms in the lower half of the section are typically smaller than those in the upper half of the section where clinoforms measured between 0 and 45 m above the CSB average 2.6 m in height (n 5 21), and those from 45 to 90 m average 4.8 m (n 5 27). Overall 79% of the clinoforms measured in this study show no evidence of erosional truncation across their upper surfaces, and the percentage of fully preserved clinoforms does not change significantly from the base of the section to the top (78% and 81%, respectively). This indicates that the measured increase in clinoform height represents increasing paleoflow depths through time and not differential reworking within the section. Clinoforms, and associated channel-fill units, often appear to be compensationally stacked (cf. Straub et al. 2009 ), where successive fills are laterally and vertically off-set from previous deposits, possibly enhancing complete preservation of bar clinoforms and channel stories (Fig. 7) .
Such a high degree of preservation may seem surprising, but aspects of bar-clinoform architecture indicate that compensational stacking was common throughout Castlegate deposition (e.g., Fig. 7 ). This suggests that active bar deposition ''avoided'' existing bar crests and was attracted to low spots adjacent to previously deposited bars. This organized style of deposition is distinct from random cut-and-fill that might be expected in a 
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low-accommodation setting (e.g., Martin et al. 2009; Strong and Paola 2008) . It is also important to note that there are inherent limitations in how bar deposits are identified in the field. In particular, the best-preserved features are also the most recognizable whereas poorly preserved bar remnants are difficult to identify with certainty. Despite these issues, compensationally stacked, well-preserved bar units appear to constitute a significant fraction of the lower Castlegate Sandstone, and the architecture observed in Figure 7 is a common motif throughout the interval.
Mudstones
Several types of fine-grained (silt and clay) deposits are intercalated throughout the lower Castlegate Sandstone, including inclined heterolithic strata (IHS), interbar muds, muddy abandoned channel fills, small (, 100 m long) overbank deposits, and extensive overbank deposits that are laterally continuous over distances of hundreds of meters to kilometers. IHS and interbar muds are interpreted as having been deposited in active channels or channel threads of a river system, and mud plugs and small overbank mudstones are interpreted as deposits from abandoned reaches of an active channel belt (Lynds and Hajek 2006) . Laterally extensive overbank deposits are interpreted as representing deposition away from an active channel belt on a floodplain. In any given cliff face, several of these laterally persistent mudstones can be found, although none could be traced continuously throughout the entire lower Castlegate Sandstone in the study area. The overall abundance of overbank deposits increases up-section in the lower Castlegate Sandstone (Fig. 4C) . 
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In the Castlegate Sandstone we observe a pattern of increasing paleoflow depths up section with full preservation of clinoform units throughout the succession. This is coincident with a trend of increasing proportion of mudstone composition up section. While several large scour surfaces extend across individual outcrop faces up to 1500 m, no laterally persistent, through-going scour surfaces were identified that could be traced over the entire outcrop belt.
Previous studies of architecture in the Castlegate Sandstone have concluded that the lower member represents an amalgamated sanddominated interval formed during a period of relatively low accommodation ( Olsen et al. 1995; Van Wagoner 1995; Yoshida et al. 1996; McLaurin and Steel 2000) . Authors have gone on to propose that the upsection decrease in sandiness and degree of amalgamation is the result of an increase in accommodation associated with either a relative sea-level rise (e.g., Olsen et al. 1995; Van Wagoner 1995) or an increase in tectonic subsidence rates (e.g., Yoshida et al. 1996) . The primary evidence for these interpretations is increasing scour-surface spacing and mudstone content up-section in the Castlegate Sandstone. These interpretations broadly follow the results of alluvial-architecture models (e.g., Allen 1978; Leeder 1978; Bridge and Leeder 1979; Wright and Marriott 1993 and McCabe 1994), wherein sand-dominated deposits form during periods of low net aggradation when fine-grained sediments are presumably reworked and bypassed from the coastal plain.
Data on paleoflow depth and bar clinoform preservation presented here conflict with this interpretation. Average paleoflow depths from the lower portion of the section are much smaller than those found higher in the section (2.6 m vs. 4.8 m, respectively). Consequently, it is not a surprise that fluvial scour surfaces are closer together (vertically) low in the section. Basin filling first by small rivers and then by large rivers would produce the observed scour-surface spacing pattern even in the absence of changes in rates of aggradation or accommodation. Furthermore, fully preserved bar clinoforms are observed throughout the lower Castlegate Sandstone, which suggests that there was no significant scour and erosional reworking of bar tops at any time during deposition of the entire succession, regardless of changes in net sandstone:mudstone ratio upsection. Thus, there is no indication that reworking was more common early during Castlegate deposition.
Implicitly, then, aggradation rates were high enough to preserve channel-belt deposits of , 2.6 m-deep formative rivers early during Castlegate deposition and , 4.8 m-deep channels later. Model results suggest that doubling channel depth with constant rates of subsidence or aggradation would result in an increase in channel stacking density and amalgamation (e.g., compare the same phase of Fig. 1A , B, and C). Direct comparison with the Castlegate Sandstone suggests that the increase in paleoflow depth observed up section, which is coincident with decreasing stacking density, requires that rates of aggradation or subsidence more than doubled, if all else was held constant. This model, if correct, would be consistent with interpretations of increased subsidence or base-level rise throughout Castlegate deposition. Information on paleoflow depth provides additional constraints on the accommodation increase necessary to maintain full channel preservation throughout Castlegate deposition.
Alternatively, the changes in stacking pattern could also reflect changes in sediment supply through time. The increase in mudstone content up section is unlikely to have been caused by significant changes in fluvial erosion and reworking, as evidenced by full bar-clinoform preservation throughout the succession. However, it could result from an increase in the proportion of fine-grained sediment delivered to the basin through time. Such a change could result from unroofing muddier source material and/or an increase in degree of source-area weathering. Alternatively, even with constant sediment supply, an increase in mudstone deposition and preservation could reflect other processes, such as increased selective deposition in the proximal part of the basin, or a change in characteristic floodplain deposition in the study area. Selective deposition of coarsergrained material in the proximal portion of the basin shifts the supplied grain-size distribution in more distal portions of the basin toward finer sediment (e.g., Strong et al. 2005; Fedele and Paola 2007) , and floodplain characteristics such as slope, width, and vegetation cover may change the efficiency of fine-sediment trapping on alluvial floodplains (e.g., Hughes 1997; Tal and Paola 2007) . The roles of such processes have not been evaluated in the Castlegate Sandstone, but offer alternative hypotheses to interpreted accommodation-driven changes in alluvial architecture.
Many studies have concluded that prominent disconformities within the Castlegate Sandstone are sequence boundaries (e.g., Olsen et al. 1995; Yoshida 2000; Miall and Arush 2001a, 2001b) . Miall and Arush (2001a, 2001b) emphasize the difficulty of differentiating autogenic scour surfaces from sequence boundaries in fluvial systems. In our study of the Castlegate unit we found no single, through-going erosional surface that extended across the entire outcrop belt (covering a range of , 4 km). Individual scour surfaces could not be traced anywhere for more than 1500 m across the outcrop belt. While this is a far distance, it is certainly not a regional feature, nor is it particularly out of scale with local, autogenic, scours that occur in large, Castlegate-size, rivers (e.g., Best and Ashworth 1997) .
There are several possible explanations for observed increases in paleoflow depth in the Castlegate sandstone. Flow depth could increase through time if water discharge increased due to increased precipitation in source area or as a result of catchment-area increase as drainages lengthened through time. Alternatively it is possible that increased flow depth resulted from a change in river planform, from broad, shallow, braided channels to narrow, deeper, single-thread channels. Such changes in river pattern might naturally result from increasing the abundance of cohesive mud introduced to the system, which can act to increase bank stability and promote deeper, single-thread channel configurations. Ultimately more work is needed to elucidate these possible influences on Castlegate architecture and sequence stratigraphy, but this study suggests that fluvial scale may exert strong control over stratigraphic patterns in alluvial deposits.
CONCLUSIONS
Paleoflow depth and stacking density are closely related variables in studies of alluvial architecture. With increasing flow depth and no other changes, resulting alluvial architecture tends to show a greater degree of amalgamation and the development of more continuous scour surfaces that might be interpreted to be sequence boundaries. As such, consideration of the scale of formative rivers is necessary for robust interpretation of the fluvial stratigraphic record.
Data from the Castlegate Sandstone indicate that paleoflow depths derived from preserved channel deposits indicate a nearly two-fold increase in flow depth of formative rivers through time in the study area. Full preservation of bar features indicates that erosion and reworking of channel-fill deposits was not significant anywhere in the section. These results suggests that the shift from high to low sandstone:mudstone ratios through the Castlegate is not a consequence of reworking during an early phase of limited accommodation. Additionally, the relief on and extent of prominent erosion surfaces in the study area are consistent with what might have been produced by Castlegate-scale rivers, making the identification of sequence boundaries in the unit difficult.
In general, further study is needed to develop more quantitative and process-based predictive models of alluvial architecture and nonmarine sequence stratigraphy. In particular, it would be helpful to quantify what constitutes a ''high'' degree of preservation relative to what would be expected from random processes. As shown in Figure 1 , random avulsion leaves some channel deposits fully preserved even in basins with large channels and/or relatively low aggradation rates. Having a statistical baseline for this condition will help determine when the degree of preservation in a system is unusually high. Additionally, recent work has shown that uncorrelated random stacking may not be an appropriate model for river avulsion and sedimentary basin filling (Straub et al. 2009; Hajek et al. 2010) . Consequently alluvial models that include more complicated autogenic dynamics are also needed to robustly interpret sand-body architecture and preservation.
This study is an example of the potential ways considering changes in scale of the depositional system can enrich interpretations of alluvial architecture and sequence stratigraphy. It is clear that preserved sandstone:mudstone ratios cannot be used as sole proxies for sediment reworking and bypass in ancient systems, as has been done in some alluvial-architecture studies. Comparisons that account for potential effects of river scale are more robust than general comparisons, because without constraints on paleosystem scale, it is difficult to determine the significance of changes in architecture and laterally extensive erosion surfaces.
